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Abstract
We propose a method of retrieving basic information on mineral dust aerosol particles
from synergic sun-photometer and multi-wavelength lidar measurements as well as
from the observations of lidar light depolarisation. We use this method in a case study
of mineral dust episode in Central Europe.5
Lidar signals are inversed with a modified Klett-Fernald algorithm. Aerosol optical
depth measured with the sun-photometer allows to reduce uncertainties in the inversion
procedure through which we estimate vertical profile of aerosol extinction.
Next we assume that aerosol particles may be represented by ensemble of randomly
oriented, identical spheroids. Having calculated vertical profiles of aerosol extinction10
coefficients for lidar wavelengths, we compute the profiles of local Angstrom exponent.
We use laser beam depolarisation together with the calculated Angstrom exponents to
estimate the shapes (aspect ratios) and sizes of the spheroids. Numerical calculations
are performed with the transition matrix (T-matrix) algorithm by M. Mishchenko.
The proposed method was first used during SAWA measurement campaign in War-15
saw, spring 2005, to characterise the particles of desert dust, drifting over Poland with a
southern-eastern wind (13–14 April). Observations and T-matrix calculations show that
mode radii of spheroids representative for desert aerosols’ particles are in the range of
0.15–0.3µm, while their aspect ratios are lower than 0.7 or larger than 1.7.
1 Introduction20
It is now commonly known, that aerosols’ role in the global climate and its change is
important and complex (Houghton, 2001; Satheesh and Krishna Moorthy, 2005). In
case of many aerosol types it is not yet established, whether their net contribution to
the Earth surface heat balance is positive or negative (Shine and de F. Forster, 1999).
One of them is mineral dust (Sokolik and Toon, 1996) emitted from the Earth surface in25
desert areas and often transported in the atmosphere at long distances. Typical source
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areas of dust events observed in Europe are Sahara and Arabian deserts. In this paper
we describe investigation of the optical properties of mineral dust transported in the
middle atmosphere from these source regions to Poland. Such events are common
in Central Europe during the spring time (Borbe´ly-Kiss et al., 2004). We analyse a
particular episode of 13–14 April 2005, when a dust plume drifted over Warsaw carried5
by flow from south and south east. Observations and measurements we describe were
performed during SAWA campaign held in spring 2005 at emerging aerosol/radiative
transfer laboratory of Warsaw University.
As the campaign was focused on dust events, in order to plan the intensive measure-
ment periods, a long range NAAPS (Navy Aerosol Analysis and Prediction System)10
was used as a forecast tool. Prediction of a dust plume investigated in this study is
presented in Fig. 1.
Among many radiometric instruments used during the campaign were sun-
photometers (Microtops and a prototype multi-spectral device Markowicz and Kardas,
2006) and the aerosol lidar (Teramobile Profiler from the Free University of Berlin). Mi-15
crotops measures direct solar radiation in five channels between 380 and 870 nm. Its
built-in algorithm produces total Aerosol Optical Depth (AOD) in each channel.
Teramobile Profiler is a multi-wavelength backscattering lidar, originally developed
for delivering atmospheric parameters (particle and aerosol density profiles) during
experiments on non-linear propagation of ultra-short femtosecond laser pulses in the20
atmosphere (Rodriguez et al., 2004; Mechain et al., 2005). It is based on a solid-state
10Hz Nd:Yag laser (Big Sky Laser CFR 200), which delivers 10 ns long pulses of ener-
gies of 60, 50, 30 and mJ, in 1064 nm, 532 nm and 355nm wavelengths, respectively.
As a receiver the lidar uses F4/200mm Newtonian telescope. Optical system has a
multi-axial design, in which each wavelength is emitted as a separate beam in the25
vertical direction. The inclination of each beam can be individually adjusted assuring
fairly equal overlap with telescope’s field-of-view, which compensates the geometrical
compression effect (Stelmaszczyk et al., 2005). The backscattered light collected by
the telescope is spectrally separated. Its intensity is measured independently at each
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wavelength with the photo-multipliers (Hammamatsu R7400 -P04 and -U02 for 355 nm
and 532nm) and with the avalanche photo-diode (EG&G C30954/5E for 1064 nm). All
signals are recorded with a 12-bit, 20MHz transient recorder (Licel) assuring vertical
spatial resolution of 7.5m. Data are then averaged, typically over 1000 laser shots
(∼1min). Intensity of the 532 nm signal is measured in two polarisations, in directions5
parallel and perpendicular to the polarisation of the emitted signal. Usually depolarisa-
tion of the returned signal is an indicator of non–sphericity of scattering objects, which
may help in the evaluation of radiative properties of irregular mineral dust.
In this study we analyse data collected with use of Microtops and Teramobile Profiler
taking a special concern in synergy of the measurements. The main idea is to use10
information on the aerosol optical depth obtained from passive photometer in order to
reduce the number of assumptions necessary to invert the lidar signal. Then, with an
additional assumption that the particles may be represented by ensemble of randomly
oriented, identical spheroids, the size and aspect ratio of the observed aerosol parti-
cles are estimated. This assumption allows to adopt the Transition matrix (T-matrix)15
algorithm by Mishchenko and Travis (1998), in order to calculate scattering properties
of the dust.
The paper is organized in the following manner. In the next section details of data
processing algorithms and procedures are described. In Sect. 3 results of the mea-
surements are presented and discussed. A short summary and conclusions are given20
in the last section of the article.
2 Data processing
2.1 Lidar signal inversion method
The idealised lidar equation can be written after Klett (1981) and Fernald (1984):
S(z) =
CE
z2
[βR(z) + βA(z)]T
2
R
T 2
A
. (1)25
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Here S is the ideal lidar signal, z is the distance from the lidar (in this case simply
height), C – the lidar constant, E – the laser impulse energy, βR and βA – backscatter
coefficients for molecules and aerosol particles, TR and TA – the molecular and aerosol
trasmittances.
Solving Eq. (1) requires introducing a new variable:5
P (z) =
S(z)
E
z2, (2)
and assuming a relationship between aerosol’s backscatter and extinction coefficient
(aA) (Fernald, 1984):
βA(z) = RA(z)aA(z). (3)
The RA coefficient is called the lidar ratio.10
Equation (3) allows to calculate the unknown value of the aerosol transmittance in
Eq. (1), as:
TA = exp
(
−
∫
a(z)dz
)
= exp
(
−
∫
βA(z)
RA(z)
dz
)
. (4)
In order to estimate this integral usually a simplifying assumption that RA is indepen-
dent of z is adopted (Landulfo et al., 2003; Iwasaka et al., 2003; Welton et al., 2000).15
Then the solution of Eq. (1) may be written in the following form:
βA(z) =
P (z)T
2(r−1)
R
(z)
C − 2
RA
∫z
0
P (z′)T
2(r−1)
R
(z′)dz ′
− βR(z), (5)
where
r =
RR
RA
(6)
and RR=3/8pi is the backscatter to extinction ratio in Rayleigh scattering.20
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Calculations with the modified Klett-Fernald algorithm begin at the top of the mea-
surement range, assuming βA(zmax)=0 . Then pairs of equations similar to Eq. (5),
written for subsequent levels in the atmosphere, “z” and “z-dz” are solved. This allows
to avoid the necessity of establishing the value of the lidar constant C (Welton et al.,
2000). βR(z) is usually calculated with empirical equations for assumed or measured5
vertical profiles of temperature and pressure in the atmosphere.
Nevertheless there is still one unknown remaining: RA. In order to evaluate it we
propose the following iterative procedure. In the first step we assume RA=1 or RA=RR .
Then, after calculating the whole vertical profile of βA , RA is redefined as:
RA =
∫
βA(z)dz
τSP
, (7)10
where τSP is the total optical depth of aerosol, measured with the sun-photometer (Wel-
ton et al., 2000). The calculations begin again at the top of the range and the procedure
is repeated until the difference between subsequent values of RA is sufficiently small.
With this additional bond the common practise (Landulfo et al., 2003; Iwasaka et al.,
2003) of guessing RA’s value is avoided.15
The next improvement of the procedure comes from the following observation. When
several aerosol layers are present in the atmosphere, it is advisable to allow for RA to
differ between them. Therefore it is desirable to divide the atmosphere into appropriate
layers determined on the basis of the lidar backscatter signal. More details on the
particular division adopted in the case study can be found in Sect. 3.2. Here we briefly20
describe the way, in which the improvement can be adopted. In first step extinction
coefficient profiles should be calculated for the whole atmosphere. Then, integration
within the chosen height ranges should give optical depth values to be used instead
τSP while running the algorithm for each layer separately.
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2.2 Numerical calculations (T-matrix)
One of the goals of the SAWA campaign was to find a mathematical representation of
the dust particles, suitable for a radiative transfer model. This required the possibility of
evaluating the properties of particles on the basis of measured values. We decided to
use the transition matrix (T-matrix) method, initially developed by Waterman (1971) and5
implemented by Mishchenko and Travis (1998), consisting basically on the numerical
solution of Maxwell’s equations.
Electric field of the incident ( E i ) and scattered by a single particle radiation ( Es ) is
expanded in vector spherical functions Mmn and Nmn (Tsang et al., 1985):
E i (R) =
nmax∑
n=1
n∑
m=−n
[amnRgMmn(R) + bmnRgNmn(R)] (8)10
Es(R) =
nmax∑
n=1
n∑
m=−n
[pmnMmn(R) + qmnNmn(R)] . (9)
Here the origin of the coordinate system is assumed to be inside the particle, R is
the vector of position (larger than the radius of a scattering particle’s circumscribing
sphere), g – the asymmetry parameter, amn, bmn , pmn and qmn – coefficients.
As the Maxwell’s equations and boundary conditions are linear, the relationship be-15
tween coefficients for scattered and incident light may be represented by a transition
matrix (T) (Mishchenko and Travis, 1998):
[p, q] = T[a, b]. (10)
The elements of a T-matrix depend only on the physical characteristics of the particle,
such as size, shape, refractive index and orientation. Therefore once calculated, a T-20
matrix can be used in computations for any directions of beam incidence or scattering.
Furthermore this approach is also useful in modelling the interaction between light and
an ensemble of randomly oriented particles.
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The standard procedure for calculating the transition matrix for a non-spherical par-
ticle uses the extension of the particle’s internal filed extended in vector spherical func-
tions analogically to Eqs. (8) and (9) (Waterman, 1971). The T-matrix may be calculated
for particles of arbitrary shapes, but the formulas simplify decidedly, while a rotational
symmetry is assumed.5
We assume that the observed dust particles can be represented by an ensemble of
randomly oriented spheroids with a log-normal size distribution and fixed aspect ratios.
This allows us to create look-up tables for evaluating particles’ parameters on the basis
of the lidar and the sun-photometer retrievals (Sects. 2.3 and 2.4).
The necessary numerical calculations were performed with the use of the T-matrix10
FORTRAN routine (Mishchenko and Travis, 1998) available on http://www.giss.nasa.
gov/∼crmim/t matrix.html.
2.3 Determination of particles’ size
We decided to estimate the mean size of the particles, using the values of the Angstrom
exponent (α), retrieved from the profiles of extinction coefficient at different wave-15
lengths. T- matrix code was used to perform numerical simulations of the light transfer
through an ensemble of particles mentioned in Sect. 2.2. 532 nm wavelength and the
refractive index of sand, equal to 1.53+0.008i were assumed.
Results of calculations for a number of different mode radii show, that at least within
a limited particle radius range (0.1–0.6µm), the relationship between α and the mean20
radius is monotonic and shape-independent. This can be observed in Fig. 2, where the
plots corresponding to different spheroids’ aspect ratios overlap. Aspect ratio 2 means
oblate spheroids, 0.5 – prolate, 1 – spheres.
Reading Fig. 2 is useful in order to estimate the mode radius of spheroids represen-
tative for observed particles.25
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2.4 Determination of particles’ shape
A parameter which is highly sensible to particles’ shape is the depolarisation of the
returning lidar signal, defined as:
δ = PR/PL. (11)
Here PR and PL are the values of lidar returns with polarisations perpendicular and5
parallel to the polarisation of the original beam (Stephens, 1994).
T-matrix simulations performed for different mode radii of aerosol particles (Fig. 3)
show, that δ can be used in estimating the aspect ratio of aerosol particles for single
scattering approach, as it always equals zero for spheres and is decidedly higher for
spheroids. Unfortunately the result is not unequivocal – there are at least two possible10
aspect ratios for given size and each non-zero depolarisation.
3 Experimental results
3.1 SAWA measurement campaign
As mentioned, SAWA experiment took place in April and May 2005, in Warsaw. Its
main goal was to examine the aerosols typical for the desert dust episodes in Central15
Europe. During the campaign one major event of this kind appeared, between 12
and 19 April. Synergic lidar and sun-photometer measurements were made on 13
and 14 April. Unfortunately, as it was noticed later, the UV channel of the Teramobile
Profiler was not operating correctly and its records were not accounted in the analysis.
Figure 4 presents lidar returns in wavelength 532 nm, collected on 13 and 14 April.20
In the atmospheric boundary layer between the surface and the level of approximately
1.5 km one may observe large concentrations of presumably urban aerosols (strong
lidar signals). Higher, up to 4–5 km, the relatively wide layer of increased returns, likely
due to the enhanced aerosol concentration, is clearly visible (grey). Its presence is
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in agreement with the prediction of NAAPS model presented in Fig. 1, which shows
a dust plume transported in the middle troposphere from the regions of Sahara and
Arabian Desert.
3.2 Measured AODs and aerosol extinction profiles
During SAWA experiment total aerosol optical depths were measured with Microtops5
sun-photometer. As the instrument measures direct solar radiation, it can only be used
during day time and when the sun’s disc is not obscured by clouds. This means, that
there are gaps in the Microtops measurement series, especially during the night time.
In these gaps values of AOD were linearly interpolated between measurement times.
AODs measured during the dust episode (Fig. 5) were noticeably higher than those10
observed on other days. For example on the 14 April (Fig. 5b) the optical depth in
500 nm wavelength reached 0.67 in contrast to values of 0.05–0.25 characteristic for
days without the drifting dust in the middle troposphere.
Since Microtops channels do not agree with the lidar ones, in order to estimate AODs
in the lidar wavelengths Microtops measurements had to be transformed with the use15
of the Angstrom power law (Angstrom, 1964). In the adopted procedure atmosphere
was divided into three layers: boundary layer (urban aerosols), desert dust and “clear”
air (Fig. 6). The first border discriminating between the boundary layer and the desert
dust layer in the troposphere was assumed between 1 and 1.5 km heights, at the level
of the local minimum of the lidar return signal. The upper border of the mineral aerosol20
layer was set between 4.95 km and 5.6 km, at the level of minimum depolarisation of
the lidar signal (Fig. 7).
Estimates based on the preliminary application of Klett algorithm (considering at-
mosphere as a single layer) show that the optical thickness of mineral dust was com-
parable to that of the boundary layer aerosol – see Fig. 8. When consulting the figure25
notice, that in the night time, when we did not have reliable measurements of AODs and
linear interpolation of Microtops measurements filled the gap in the data, the adopted
procedure is less reliable than during the day.
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From the lidar signals at 532 and 1064nm profiles of extinction coefficients were
derived, following the procedure described in Sect. 2.2. Figure 9 shows result for
532 nm wavelength. Extinction coefficients in the desert dust layer are in the range
of 0.5×10
−4
m
−1
to 1.5×10
−4
m
−1
. They are lower than the values observed for the
urban aerosols, but as the dust layer is relatively thick its influence on radiative flux is5
important.
3.3 Estimations of particles’ sizes and shapes
Figure 10 shows vertical profiles of the local Angstrom exponent computed from the
extinction coefficients for 532 nm and 1064nm wavelengths. Values in the lowest layer
(consult Fig. 6) are between 0.5 and 1.5, which corresponds to the particles of radii in10
the range 0.25–0.35µm (see Fig. 2). In the middle layer (with the desert dust aerosol),
Angstrom exponents are in the range of 0.7–2.5, which corresponds to the particles of
radii in the range 0.15–0.3µm.
Figure 7, already mentioned in Sect. 3.2, presents signal depolarisation calculated
for the 532 nm wavelength. Comparing the depolarisation in the lowest layer and in15
the middle layer with desert aerosol we see, that mineral dust of depolarisation larger
than 0.1 differs decidedly from the aerosol in the boundary layer whose depolarisation
is close to zero. As Fig. 3 indicates, such level of depolarisation means that the aspect
ratios of spheroids representative for mineral dust are more than 1.7 in the case of
oblate spheroids or less than 0.7 in the case of prolate spheroids.20
4 Conclusions
A dust episode observed on 13 and 14 April 2005 during SAWA campaign held in
Warsaw is analysed. Synergic measurements by the means of multi-wavelength lidar
and Microtops sun-photometer allow to reduce the number of assumptions needed to
retrieve profiles of extinction coefficients. These profiles together with an additional25
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information on the depolarisation of the lidar signal and assumption of the spheroidal
shape of aerosol particles, were used in numerical calculations performed using the
T-matrix code. As the result we estimated sizes and shapes (aspect ratios) of the
observed mineral dust particles.
The mode radii of these particles is in the range of 0.15–0.3µm. This is consistent5
with the values commonly used in modelling radiative processes for aerosol type “min-
eral transported” (Hess et al., 1998). The aspect ratios of spheroids representative for
the observed mineral dust are smaller than 0.7 or larger than 1.7. This result is impor-
tant, since recent studies indicate that non-sphericity of the particles may cause up to
10% positive or negative change in the aerosol forcing (Markowicz et al., 2005).10
The retrieved information of the size and shape of the mineral dust particles trans-
ported on the long distances from Sahara and Arabian deserts will be used in the new
radiative model of dust.
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Fig. 1. Dust concentration forecast over Warsaw taken from the NAAPS model, NRL Monterey
Aerosol Page (http://www.nrlmry.navy.mil/aerosol/). The largest concentrations of dust were
forecasted on 12–13 April 2005, above 3 km level.
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Fig. 2. Angstrom exponent’s (α) dependency of the mode radius (rm) of randomly oriented
spheroids with a log-normal size distribution, calculated for the refractive index of sand and
various aspect ratios (a/b). In the radii range of 0.1–0.6µm, the relationship between α and the
mean radius is monotonic and shape-independent.
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Fig. 3. Depolarisation’s (δ) dependency of the aspect ratio (a/b) of randomly oriented spheroids
with a log-normal size distribution, calculated for the refractive index of sand and different mode
radii (rm[µm]). The value always reaches 0 for spherical particles (a/b=1 ).
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Fig. 4. Temporal evolution of lidar returns recorded for 532 nm wavelength on 13–14 April
2005 in Warsaw (arbitrary units). Light and moderate grey areas located between 1.2 and 4 km
correspond to the mineral dust layer.
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(a) (b)
Fig. 5. Temporal evolution of aerosol optical depth (AOD) measured with Microtops on the 13
(a) and 14 (b) April 2005 in Warsaw.
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Fig. 6. Assumed division of atmosphere into three different layers – the boundary layer, the
desert dust layer and the clear air layer.
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Fig. 7. Temporal evolution of light depolarisation profile measured by lidar at 532 nm wave-
length, 13–14 April 2005, Warsaw. Relatively high depolarisation values (grey layer between
1.2 and 4 km) correspond to mineral dust.
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Fig. 8. Temporal evolution of aerosol optical depths (AOD) of atmospheric layers estimated on
the basis of Microtops and lidar measurements on the 13–14 April 2005 in Warsaw (532 nm
wavelength). Total AODs are linearly interpolated between measurement times.
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Fig. 9. Temporal evolution of aerosol extinction coefficient [1/m] vertical profiles retrieved from
lidar returns for the wavelength 532 nm on 13–14 April 2005.
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Fig. 10. Temporal evolution of Angstrom exponent vertical profiles calculated on the basis of
aerosol extinctions coefficients for 532 and 1064 nm wavelengths, on the 13–14 April 2005.
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